Plant responses to drought stress include proline and abscisic acid (ABA) accumulation. Proline dehydrogenase (PDH) (EC 1.4.3) is the first enzyme in the proline oxidation pathway, and its activity has been shown to decline in response to water stress (PJ Rayapati, CR Stewart [1991] Plant Physiol 95: 787-791). In this investigation, we determined whether ABA treatment affects PDH activity in a manner similar to drought stress in maize (Zea mays L.) seedlings. Four exogenous ABA treatments (0, 11, 33, and 100 micromolar ABA) were applied to well-watered maize seedlings. Mitochondria were isolated and PDH was solubilized using Nonidet P-40. PDH activity was measured by the reduction of lodonitrotetrazolium violet under proline-dependent conditions. There was no effect of ABA on PDH activity at 33 and 100 micromolar ABA, but there was a 38% decline at 11 micromolar. This decline was less than the 69% reduction in activity under drought stress. Endogenous ABA determinations and plant growth rate showed that ABA entered the plant and was affecting metabolic processes. ABA treatments had a small effect on shoot and root proline concentration, whereas drought stress caused a 220% increase in root tissues. We conclude that ABA is not part of the pathway linking drought stress and decreased PDH activity.
Plant responses to drought stress include ABA and proline accumulation (1, 15) . ABA has been shown to induce stomatal closure (9) , as well as the transcription and translation of many ABA-responsive genes (1 1) . Many of these genes are responsive to both water stress and endogenous ABA level (11 and references therein). The concurrent accumulation of proline and endogenous ABA in response to drought stress has resulted in speculation that ABA may trigger proline increases (12) . However, Stewart and Voetberg (14) reported that ABA and proline accumulation were not necessarily linked in leaves of a wilty tomato (Lycopersiconflacca Mill.) This suggests that proline accumulation in response to drought stress may be independent of endogenous ABA levels in some species (14) .
For proline to accumulate, either synthesis from glutamic acid must be enhanced or the rate of oxidation must decrease, or both. PDH2 is the first enzyme in the proline oxidation pathway (4) . Recently, Rayapati and Stewart (10) reported the solubilization of PDH from maize (Zea mays L.) mitochondria. It was shown that extractable PDH activity was 10-fold lower in drought-stressed plants compared with wellwatered controls. The objective of the current investigation was to determine whether ABA caused a decline in extractable PDH in a manner similar to drought stress. We report that ABA does not affect extractable PDH activity in well-watered maize seedlings.
MATERIALS AND METHODS
Maize seedlings (Zea mays L. cv B73) were grown in the dark in vegetable crispers containing vermiculite at 30°C. The effects on PDH activity of four ABA concentrations in wellwatered seedlings and a drought-stressed group were examined. Seeds for the well-watered treatments were planted in vermiculite and watered with ABA solution until saturation (approximately 500 mL/100 g). Seeds for the drought stress treatment were germinated in moist paper towels for 24 h to ensure adequate water imbibition and then transplanted to vermiculite containing 100 mL water/100 g (10) . The four ABA treatments used in this experiment were 0 (control), 11, 33, and 100 fM ABA. ABA was the cis-trans-isomer obtained from Sigma (St. Louis, MO). ABA was dissolved in a minimal amount of 100% ethanol (2 mL) and then diluted to 2.5 L with ddH20.
Seedlings measuring 5 to 7 cm in shoot length were harvested, washed with ddH20, and put on ice until processed. Seedlings in the control treatment were harvested 3 d after planting, whereas the ABA-treated and drought-stressed seedlings were harvested 4 d after planting. Shoots of seedlings grown in 100 gM ABA were shorter than 5 to 7 cm after 4 d but were harvested to minimize seedling age bias ofthe results.
Mitochondrial preparations and PDH assays were conducted as described by Rayapati and Stewart (10) using 10 g fresh weight of shoots.
Endogenous ABA content was determined as described by Li et al. (7) . Approximately 5 g fresh weight of shoots and roots were harvested, thoroughly washed in ddH20 to clear the free space, and immediately frozen in liquid N2. The samples were kept in a -70°C freezer until ABA determination.
Free proline concentration was determined using 0.5 g of whole shoot and root tissue using a modification of the Chinard method (3) . Tissue was harvested from the same EFFECT OF ABA ON PROLINE DEHYDROGENASE crispers as those used in the ABA determinations, frozen in liquid N2, and stored at -70°C until processed.
RESULTS
PDH activity was measured in solubilized mitochondrial preparations as described by Rayapati and Stewart (10) . Table  I shows the response of PDH activity to four ABA treatments. There was no effect of ABA on extractable PDH activity at 33 and 100 uM ABA. There was a 38% decrease in PDH activity at the 11 ,uM ABA treatment, but this was a lesser decline than the 69% decrease observed in the drought treatment. As reported by Rayapati and Stewart (10) , PDH activity in drought-stressed plants was much lower than the control.
To verify that ABA entered the tissues, the endogenous ABA content of the shoots and roots was determined. Table   II shows that the lO00,uM ABA treatment resulted in a threefold increase of ABA in shoots and a 28 1-fold increase in the roots compared with the control. In both root and shoot tissues, the 33 and 100 ,M ABA treatments resulted in higher measured ABA concentrations than did drought.
Growth rate was also affected by exogenous ABA (Table  III) . It was noted that the diameter of the shoots at 100 uM ABA was noticeably greater than the 0 ,M ABA control (data not shown).
ABA treatment had no effect on free proline concentration of seedling tissues (Table IV) . There was a small increase in root free proline with ABA treatments. Drought stress did not affect proline concentration in maize shoots but increased proline concentration 2.2-fold in the roots as expected ( 15 (13) . Although this threshold is currently unknown in maize seedlings, the effect on seedling growth in all ABA treatments (Table III) suggests that the level had been reached. Results from comparing the ABA content of tissues of the droughtstressed and ABA-treated plants and examining the effect of drought on PDH activity and proline concentration also suggest that factors other than ABA are influencing these two traits. One can thus conclude that ABA is not part of the pathway that connects drought stress and decreased PDH activity. Data presented for maize seedlings in the current investigation support the hypothesis that ABA and proline accumulation are not causally linked in all species (14) . Stewart and Voetberg (14) examined wilt-induced proline accumulation in a wilty mutant of tomato that contains low levels of ABA and does not accumulate ABA in response to stress. Upon wilting, these plants accumulated proline as rapidly as wild type but did not accumulate ABA. Thus, the authors concluded that ABA is not required for wilt-induced proline accumulation. Henson (6) showed that injecting ABA into the midrib of Pennisetum increased the endogenous ABA concentration but had no affect on solute potential. McDonnell et al. (8) reported that exogenous ABA treatments had no effect on proline accumulation in Spinacia or Pennisetum seedlings. However, it has been reported that exogenous ABA treatments have resulted in increased proline concentration in barley (8, 12, 13) and pea (5) .
It should be noted that whole shoots and roots were used in the proline determinations. Voetberg and Sharp (15) recently reported that proline accounts for 45% of the osmotic adjustment in the apical region of maize roots with a 20-fold increase in proline content under drought stress compared with a well-watered control. It is possible that ABA is involved in this redistribution of proline in maize roots.
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